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Abstract 
Warmer air has the potential to hold more water vapour and, therefore, to provide more water 
to rainfall events. Studying the relationship between rainfall and temperature represents an 
emerging issue in hydrology and meteorology, since it can be considered fundamental for 
evaluating the effects of global warming on future precipitation. Various approaches have been 
tested across different parts of the world, in many cases observing an intensification of extreme 
precipitation at higher temperatures consistent with the well-known thermodynamic Clausius-
Clapeyron relation (CC-scaling rate of 6-7%°C-1).  However, at different locations for hourly 
time-scales, the temperature-extreme rainfall scaling can be higher (super-CC) or lower (sub-
CC).  
This study contributes to the understanding of the scaling relationship between extreme 
rainfall and temperature under climate conditions characteristic of Mediterranean semi-arid 
regions, rarely explored in the past. The role of different factors, such as rainfall characteristics 
and climatic seasonality, modelling framework and rainfall accumulation period are investigated 
through an application to Sicily (Italy). In particular, the suitability of different types of 
regression models used to interpret the relationship between hourly and sub-hourly extreme 
rainfall and surface temperature is explored.  
We find overall a sub-CC scaling for most of the island of Sicily. However, the rainfall-
temperature scaling relationship is not constant over the temperature range and may be 
dependent on the season. The different results obtained highlight the importance of modeling 
choices for analyses in regions characterized by semi-arid climates. More specifically, we 
observe increasing scaling rates for decreasing rainfall accumulation periods, and significant 
sensitivity of scaling rates to the selected extreme rainfall quantile. Our novel use of piecewise 
and locally-weighted scatter plot smoothing regression-based approaches allow the accurate 
characterization of the temperature dependence of extreme rainfall in Sicily. This identifies a 
peak-like structure for the drier season, not detected by the simple application of the commonly-
used exponential regression based approach. 
Keywords: Clausius-Clapeyron; extreme rainfall; water vapour; global warming; piecewise 
regression; LOESS Regression 
1 Introduction 
One of the most important implications of a warming climate in many parts of the world is an 
intensification of the global water cycle (Huntington, 2006) and, consequently of extreme rainfall 
(Held and Soden, 2006). More frequent and/or more severe short-duration extreme rainfall 
events can lead to numerous hazards, from flash flooding to landslides, with growing risks for 
human life and damage to buildings and infrastructure (Easterling et al., 2000; Pumo et al., 
2016b and 2017a; Forestieri et al., 2018a; Arnone et al., 2018). 
Atmospheric temperature strongly influences extreme rainfall intensity, due to the increased 
atmospheric moisture-holding capacity of warmer air that implies more water availability for 
rainfall processes under warmer temperatures. The intensity of extreme rainfall events is, in fact, 
closely related to the amount of vapour held in the atmosphere and the physical conditions of the 
air. The theoretical basis of the relationship linking air temperature and atmospheric humidity is 
provided by the Clausius-Clapeyron relation (CC), which states that if relative humidity remains 
constant, then atmospheric moisture will increase at a rate following the saturation vapour 
pressure dependency on temperature (i.e., 6-7 %°C-1) (Allen and Ingram, 2002; Trenberth et al., 
2003; Pall et al., 2007; Allan et al., 2010). Since during extreme events, all water vapour in the 
air (or a relevant and constant fraction of it) is converted into rain, then precipitation for extreme 
events is expected to scale with the same CC rate. However, changes in different characteristics 
of the atmosphere (e.g. in the dynamics of the atmosphere, or in the moist adiabatic temperature 
profile) could cause significant deviations from CC-scaling. 
Many studies in recent years have focused on the investigation of this scaling relationship in 
observations, analyzing how extreme rainfall intensity, often identified by high quantiles of 
rainfall maxima for fixed durations, varies with temperature. In some applications, where data 
were available, combined temperature-humidity measures, such as the dew point temperature, 
have been used as alternative measures to study the combined effect of air temperature and 
moisture availability (e.g., Lenderink and van Meijgaard, 2008; Lenderink et al, 2011; Lepore et 
al., 2015; Ali et al., 2018). An important review on this topic is provided in Westra et al. (2014).  
Various observational studies in different parts of the world have exhibited scaling rates that are 
either higher (super-CC) or lower (sub-CC) than CC scaling (e.g. Lenderink and van Meijgaard, 
2008; Hardwick Jones et al., 2010; Berg et al., 2013, Blenkinsop et al., 2015). The main 
characteristics of the adopted modelling frameworks and principal results of some key literature 
on this topic that are most relevant to this paper are summarized in Table 1. 
Lenderink and van Meijgaard (2008) tried to explain the relationship between extreme 
percentiles of hourly rainfall with surface temperature in the Netherlands, showing that the 99th 
and higher percentiles increased with temperature at approximately the CC rate for temperatures 
up to 12°C and at 2xCC rate for temperatures up to 22°C. A similar methodology was 
subsequently used to analyse the scaling rate in various regions across the world, from Europe 
(Lenderink and van Meijgaard, 2010; Berg and Haerter, 2013; Berg et al., 2013; Loriaux et al., 
2013; Ban et al., 2014; Molnar et al., 2015; Lenderink et al., 2017) to Australia (Hardwick Jones 
et al., 2010; Wasko and Sharma, 2015, 2017), North America (Shaw et al., 2011; Mishra et al., 
2012; Prein et al., 2017) and Asia (Lenderink et al, 2011; Utsumi, et al., 2011; Yu and Li, 2012; 
Miao et al., 2016; Ali and Mishra, 2017). 
Some previous studies have focused on the role of modelling choices; highlighting, for 
example, that the relationship between mean daily temperature and the log of the 99th percentile 
of maximum hourly precipitation cannot always be fully interpreted by a linear regression model. 
In Blenkinsop et al. (2015), for instance, the LOESS (LOcally-wEighted Scatter-plot Smoothing) 
approach (Cleveland, 1979) was used to describe the scaling behaviour. The scaling rate is also 
expected to vary with the selected percentile and with the temporal resolution of the data. In 
particular, scaling has been found to be approximately constant for sub-hourly to hourly 
durations, then reduce at longer durations (Dobrinski et al., 2018), and increase for higher 
percentiles (Hardwick Jones et al., 2010).  
Seasonality also has an important role in defining the scaling relationship for precipitation 
(Berg et al., 2009); seasonal variability in the temperature dependence of extreme precipitation 
intensities has been observed, for instance, in the south-eastern Alpine foreland region of Austria 
by Schroeer and Kirchengast (2018), where a general increase in winter and a decrease in 
summer have been found. At higher mean temperatures (>~24°C), negative scaling relationships 
have been also observed (e.g. Haerter et al., 2010; Hardwick Jones et al., 2010, Shaw et al., 
2011, Mishra et al., 2012; Panthou et al., 2014) mainly in tropical regions (Allan et al., 2010; 
Guerreiro et al., 2018). On a basic level, this might imply a decrease in extreme rainfall 
intensities as temperature increases; however, this might also be a result of lower humidity at 
higher temperatures (Barbero et al. 2018; Lenderink et al., 2018). Wet regions have been widely 
examined, but there are still very few applications in arid or semi-arid areas, most of which adopt 
global spatial scales and show scaling lower than CC (O'Gorman and Muller, 2010), consistent 
with evidence from previous studies (e.g. Pall et al., 2007; Wentz et al., 2007).  A recent study 
by Peleg et al. (2018) however, explicitly designed for a semi-arid environment, studied the 
rainfall-temperature relationship at storm and convective rain cell scales, finding that, in arid and 
semi-arid eastern Mediterranean regions (Israel), peak intensity for areal convective events tends 
to increase with temperature (at a rate lower than CC).  In contrast, for areal non-convective 
events, rainfall and storm-wide area tend to decrease with increasing temperature. 
This study aims to explore the potential for intensification of sub-daily extreme rainfall events 
with increasing temperatures in Sicily, a semi-arid region of southern Italy. The urgent need to 
gain understanding of potential rainfall intensification for southern Italian regions is also 
associated with the vulnerability of these areas to flash flooding and landslides triggered by 
rainfall due to soil structure and land use.  According to the last Annual Report (CNR-IRPI, 
2018) on the risk of landslides and floods for the Italian population, published on Polaris website 
of the Research Institute for Geo-Hydrogeological Protection of the National Research Council 
(IRPI-CNR), the number of victims of events related to the occurrence of heavy rainfall during 
the last decade in Sicily is 69, with 13 in 2018 alone. 
The adopted approach has been specifically tailored for Mediterranean semi-arid regions, 
where some peculiarities, such as the marked climate seasonality and the different prevalence of 
convective or large-scale stratiform rainfall events during the wet and dry seasons, suggest the 
need for some modifications to commonly used modelling approaches (Molnar et al., 2015). 
Thus, an important element of novelty is that particular emphasis is given here to the analysis of 
the sensitivity of the scaling rate to different factors.  Those considered here are the spatial scale 
of analysis (single gauge/point scale and pooled gauges/regional scale analysis), the period over 
which rainfall maximum depth (peak intensity) is analysed, the type of regression models 
applied, and the seasonality of the regional climate. 
Rainfall extremes over different accumulation periods are first derived from high time-
resolution rainfall datasets recorded at about one hundred rain gauges. Data are then grouped in 
seasonal subsamples (Annual Period Season, Wet Season and Dry Season) and studied separately 
for each gauge (single gauge analysis) or in a regionally pooled manner (pooled gauges 
analysis). Different regression model types (exponential regression, piecewise regression, 
LOESS regression) are tested, computing and analysing the scaling rates at single gauges or as 
pooled gauges. While the adoption of the exponential and LOESS regression models for 
investigating scaling of extreme precipitation with temperature is rather common in literature 
(e.g. Hardwick Jones et al., 2010; Blenkinsop et al., 2015), the use of piecewise regression 
represents a novelty in this field of research, although it is rather established in other fields (e.g. 
Toms and Lesperance, 2003; Ben Yahia et al., 2016).     
Section 2 of the manuscript describes the modelling approach together with the study area and 
the dataset used. Results, described in Section 3 and discussed in Section 4, could partially 
address the lack of analyses in semi-arid regions. Furthermore, the modelling framework can be 
easily transferred for future applications in similar climatic regions. 
2 Data and methods 
2.1 Study area and dataset 
The study area is the island of Sicily (southern Italy) which, with an area of ~25,700 km2, is 
the largest island of the Mediterranean Sea. The climate is warm temperate (Csa - Hot-summer 
Mediterranean climate group in the Köppen-Geiger climate classification), with hot and dry 
summers and higher and more frequent precipitation during the colder winter months. The region 
has been extensively studied in the past with regard to rainfall and temperature and the main 
implications of climate changes on the most relevant hydrological components (e.g., Pumo et al., 
2016a and 2017b, Viola et al., 2016, Arnone et al., 2018). Extreme events analysis in Sicily has 
confirmed an increasing trend for short duration rainfall over the second half of the last century 
(Arnone et al., 2013).  
Spatial variability in elevation across the island (Figure 1a) produces significant variation in 
precipitation and temperature; Figure 1b and 1c show the regional maps of mean annual 
precipitation and temperature respectively, derived in Pumo et al. (2017b) and Di Piazza et al., 
(2015), respectively, from almost a century of observations collected by the OA-ARRA 
(Osservatorio delle Acque - Agenzia Regionale per i Rifiuti e le Acque) regional agency. The 
southern coast of Sicily is characterized by hotter and drier summers than northern and eastern 
coasts, due to the greater influence of African winds, while the mountainous internal areas are 
characterized by a considerably cooler climate with very frequent rainfall during the winter 
months. Thus, this region provides a good representation of different arid and semi-arid 
environments.  
For this study, a dataset from the regional agency SIAS (Servizio Informativo 
Agrometeorologico Siciliano; i.e. Agro-meteorological Information Service of Sicily) has been 
used because of its high temporal resolution, quality and availability of more up-to-date data. 
Specifically, data from 2003 to 2015 collected at 107 temperature and rain gauge stations spread 
across the island (black points in Figure 1a) have been initially considered at a temporal 
resolution of hourly for temperature (for a total sample size of 12,192,864 data) and 10 minutes 
for rainfall (for a total sample size of 73,157,184 data). 
From the analysis of the dataset, a strong seasonality in the climatology can be observed: at 
the regional level, the mean annual temperature for the entire reference period was 16.4 °C and 
the mean precipitation was 761 mm occurring, on average, through almost 116 rainy days per 
year. About 75% of annual rainfall was, on average, concentrated over ~83 rainy days between 
the beginning of October and the end of March, a period characterized by a mean temperature of 
11.8°C and frequent occurrence of large-scale stratiform precipitation (Gabriele and 
Chiaravalloti, 2013). Rainfall during the hotter (mean temperature = 20.9°C) remaining part of 
the year was conversely relatively scarce (on average 189 mm over ~33 rainy days per year), 
with a probable prevalence of short-duration convective events, especially along the coast, due to 
the combination of weak moisture transport and high local evaporation that favours a higher 
potential for convective activity (Bisselink and Dolman, 2008). 
2.2 Modelling framework 
The adopted modelling framework, represented schematically in Figure 2, uses as its 
component parts some commonly adopted approaches in the literature, especially those in 
Hardwick Jones et al. (2010) and Blenkinsop et al. (2015). 
Data for each station have been firstly pre-processed in order to identify missing values and 
remove incoherent records. With regard to the latter, some rainfall measurements with clearly 
incorrect, i.e. inconsistently high (order of magnitude higher than typical extreme values), 
records preceded and followed by null values, have been detected and removed. Following an 
approach analogous to that used in Blenkinsop et al. (2015; 2017), years with more than 15% of 
missing/incoherent records have been excluded and stations having less than 10 complete years 
of simultaneous temperature-precipitation records have been discarded. This represents a 
compromise between data completeness and the extensiveness of the dataset. The 10-minute 
rainfall time series was then aggregated to 30- and 60-minute rainfall time series for each gauge. 
The pre-processing procedure ultimately led to the exclusion of 14 stations and a resulting 
dataset consisting of 93 stations. 
The second step of the data processing procedure was to generate the working dataset for the 
modelling application. All rainy days (i.e. days with non-zero rainfall) for each gauge were first 
identified, computing for each, the maximum 10-, 30- and 60 minute rainfall accumulations 
(hereafter referred to as P10, P30 and P60, respectively) and associating the mean temperature of 
the corresponding day. Following several other previous studies (e.g. Lenderink and van 
Meijgaard, 2008; Hardwick Jones et al., 2010; Blenkinsop et al., 2015), daily mean temperature 
was here adopted as a proxy of the temperature of the air mass, instead of finer resolution data 
(e.g. hourly or sub-hourly temperature) which could be largely influenced by boundary-layer 
processes and local radiative heating. 
Samples for each accumulation period were further subdivided into three seasonal sub-
samples: 1) Annual Period (data from the entire year, from January to December); 2) Wet Season 
(data from October to March); 3) Dry Season (data from April to September). Thus, a total of 
837 sub-samples (93 gauge datasets x 3 accumulation periods x 3 seasonal sub-samples) were 
generated. 
The modeling approach has been divided into ‘single gauge’ and ‘pooled gauges’ analyses. In 
the former case, the individual sub-samples are processed separately, while, in the latter case, the 
sub-samples from the different gauges are pooled together and studied as a unique regional 
sample for a given combination of accumulation period and season.  For the pooled gauges 
analysis, Sicily is here treated as a single homogeneous zone. An alternative regionalised option, 
i.e. grouping the gauges according to the 6 statistically homogeneous regions identified through 
cluster analysis for the derivation of regional growth curves for extreme rainfall (Forestieri et al., 
2018b), was also initially considered but discarded due to the relative similarity of the results 
across the regions. 
The relationship between extreme rainfall and surface temperature was here evaluated by 
comparing three different regression model types: Exponential Regression (ER), Two-Segment 
Piecewise Regression (PR) and LOESS Regression (LR).   
For all the three methods, the analysis was performed by binning precipitation data into a 
fixed number of temperature bins. Usually this method uses either “equal width” (e.g., Lenderink 
and van Meijgaard, 2008; Lenderink et al, 2011) or “equal number”, i.e. equal number of data 
points per bin (e.g. Hardwick Jones et al., 2010; Blenkinsop et al., 2015), temperature bins. Some 
potential limitations related to the consideration of bins with limited sample size, may occur in the 
presence of scarce data availability, particularly when the equal bin width approach is used. In 
Wasko and Sharma (2014), the adoption of an equal number of samples in each bin (i.e. variable 
bin widths) showed a greater robustness, in terms of variability in the scaling rates estimated for 
different sample sizes, than for the case of equal width bins.  Performances were similar to those 
for an alternative approach based on quantile regression, explicitly designed to address problems 
associated with the binning procedure in cases with limited sample size. For this reason, we here 
adopted the equal number binning approach. More specifically, paired rainfall maxima-
temperature events were first binned into temperature bins of equal sample size and for each bin 
a fixed percentile for the rainfall maxima and the median temperature were extracted.  For both 
the single gauge and pooled gauges analyses, an approach similar to that used in Blenkinsop et 
al. (2015) has been adopted, fixing the number of bins at 10 and considering the 99th-percentile 
(q99) to identify extreme events from rainfall maxima of each bin. 
For ER (linear regression using the log of precipitation), the regression analysis is performed 
on these pairs to determine a fitting curve using the least-squares method, and to estimate the 
corresponding scaling rate (). The PR analysis explores the possibility of a change in the 
scaling relationship at a certain temperature break-point. The analysis is performed using an 
automatic code, implemented in Matlab (MathWorks), dividing the independent variable (i.e. 
temperature) domain into two intervals and fitting a segmented linear regression model 
constituted by two segments (one for each interval) separated by a break-point. Given the set of 
rainfall-temperature pairs across the bins, the code, through the separate application of the least-
squares method to the two segments, is capable of: (i) detecting the break-point and finding the 
coefficients of the two regression lines that minimize the sum of squared residuals; (ii) deriving 
the two corresponding scaling rates: 1, for the lowest temperature sub-domain, and 2, for the 
highest temperature sub-domain. If the break-point is located at an extreme position in the 
temperature domain and the number of couples used to fit the shorter segment is lower than 4, 
the regression is considered not sufficiently reliable and the corresponding scaling rate is 
discarded from the analysis, whereas the scaling rate relative to the longer segment is retained. 
The regional pooling approach means that for each of the 9 analysed accumulation period-
season combinations much larger sample sizes are obtained, allowing an increase in the number 
of bins while maintaining an adequate sample size for each bin. The paired values of temperature 
and extreme precipitation may then be evaluated by means of scatter density plots and the 
subsequent characterization of the scaling relationship based on LOESS regression.  
Furthermore, the ER and Two-Segment PR pooled analyses were performed with double the 
number of bins (i.e. 20), and selecting, in each case (i.e., 10 and 20 bins) the bin median 
temperatures and the corresponding estimates of q99. 
 A further analysis has been carried out to investigate the sensitivity of the scaling rates 
derived from ER to: (i) varying the quantiles whilst the number of bins is held constant; and (ii) 
varying the number of bins for a fixed quantile. For the sake of simplicity, only the results 
obtained at the level of the single gauge analysis for P10 considering: i) the quantiles q50, q60, 
q75, q90 and q99 with 10 bins; and, ii) the number of bins ranging from 8 to 12 with the quantile 
q99, will be discussed here. The results relative to the rainfall accumulation periods of 30 and 60 
minutes, and those relative to an analogue analysis performed through the pooled gauge 
approach are also reported in the Supplementary Material (Figures S1, S2 and S3).  
With regards to the ER and PR methods, we considered only regression models with a 
coefficient of determination (R2) higher than a derived threshold value as adequate to represent 
the scaling relationships; thus, scaling rates of models having R2 lower than the threshold are 
discarded. In particular, in the cases of linear regression, R2 is also equal to the square of the 
Pearson correlation coefficient between the bin median temperatures and the rainfall quantiles 
and also measures the strength of the linear relationship between the two variables. In order to 
determinate the appropriate threshold value for accepting or discarding a regression model, we 
refer to the Student’s t-test for the correlation coefficient with a significance level alpha of 0.05 
(2-tail alpha), i.e. confidence level equal to 95%.  Specifically, for the ER method, the threshold 
value was set equal to 0.55, ensuring that for all cases with R2 over this threshold and 
considering regressions with 8 or more bins, a t-score higher than the critical value and, thus, that 
the null hypothesis (i.e., no correlation) can be rejected. For the PR analysis, the threshold for R2 
varies depending on the number of pairs used to fit the segment.  In particular, it increases with 
decreasing sample size so as to ensure again that the null hypothesis of the t-test can be rejected 
at the 95% probability level (for instance, in the case of the minimum number of bins, i.e. 4 bins, 
the R2 value must be greater than 0.90 to be accepted).  
To study the spatial distribution of scaling rates across the study area and to examine the 
potential for clustered spatial patterns, a spatial autocorrelation analysis based on Moran’s Index, 
I (Moran, 1950), was also performed for the single gauge analysis with the ER. This analysis has 
been performed using the Spatial Autocorrelation - Global Moran’s I tool implemented in 
ArcGIS that evaluates whether the spatial pattern expressed is clustered, dispersed or random, 
and returns the following statistics: I, E(I), z-score and p-values (see Section S1 of the 
Supplementary Material for further details). 
3 Results 
3.1 Single Gauge Analysis 
3.1.1 The role of the quantile and number of bins in the exponential regression 
We first investigate the adequacy of the ER model for interpreting the relationship between 
extreme rainfall (q99) and median bin temperature (T), using 10 temperature bins. Figure 3 
shows that the number (reported both in percentages and absolute values) of stations where the 
adoption of ER models can be considered suitable (R2>0.55) is dependent on the season (Annual 
Period, Dry or Wet Season) and rainfall accumulation period (10-, 30-, 60 minutes) examined. 
Specifically, the number of gauges associated with a model having an acceptable R2 (i.e. 
percentage of considered stations) is higher for the Annual Period and the Wet Season, likely due 
larger sample sizes related to higher frequencies of rainy days in Sicily during autumn and winter 
months. The limited, or near non-, occurrence of rainy days during the summer implies a 
consistently reduced sample size for the Dry Season compared with the Annual Period (which 
provides, in some cases, up to 5 times larger sample size). This in turn could negatively affect the 
representativeness of rainfall maxima quantiles for temperature bins, reducing the strength of the 
hypothesis of a linear relationship (in a semi-log plot) between T and q99. Another possible 
explanation for the reduced percentage of suitable stations (about -60%) for the Dry Season 
could be related to the fact that the scaling rate for that season is not constant over the 
temperature domain, causing a diffuse inadequacy of ER models in interpreting the scaling 
relationship during the drier and hotter period in Sicily (investigated later).  
Figure 3 also shows that the number of considered stations increases with decreasing 
accumulation period; this might be indicative of an overall stronger relationship between extreme 
precipitation and temperature when shorter events are considered. 
The role of other aspects of the ER model analysis, such as the percentiles selected for the 
binning procedure or the number of temperature bins, has been also investigated, with some of 
the results visualized in Figure 4 (for each season and for the case of P10). 
Figure 4a shows the median scaling rate, , over all gauges resulting from the use of different 
quantiles (q50, q60, q75, q90 and q99) and again considering only models with R2>0.55. For all 
three seasons,  increases considerably with percentile. This trend is more marked at the 
seasonal scale (and in particular for the Wet Season) compared to the annual case. A similar 
behaviour is observed for all the analysed rainfall accumulation periods (Figure S1). 
The dependence of the scaling behaviour, in terms of median scaling rate , on the number of 
bins (from 8 to 12) is shown for only one accumulation period (P10) in Figure 4b, considering a 
fixed quantile (q99). This indicates that the median of  is much less sensitive to this parameter 
with respect to the quantile choice; in particular, for the Annual Period and the Dry Season,  
slightly decreases when the considered number of bins increases, while the opposite behaviour is 
found for the Wet Season. Additionally, rates for the Annual Period and the Wet Season for both 
P60 and P30 are essentially insensitive to the considered number of bins, while the scaling rate for 
the Dry Season slightly increases with the number of bins (Figure S2). It is worth emphasizing 
that, in some cases, the dependence of the scaling rate on the number of bins could be strongly 
influenced by the total sample size. In fact, the consideration of a large number of bins with 
respect to a limited sample size may imply an excessive reduction in the number of points per 
bin, which, in turn, could negatively affect the analysis (Wasko and Sharma, 2014). This is a 
common issue for many studies considering dry seasons characterized by low rainfall 
occurrence. 
3.1.2 The scaling rate using the Exponential Regression model 
The ER analysis applied at the gauge level, considering q99 across 10 bins as in Blenkinsop et 
al. (2015), allows the computation of a scaling rate () for each gauge. Figure 5 shows three 
illustrative examples of exponential regression. In particular, Figure 5a refers to the Annual 
Period sample of P30 recorded at station ID 750 where, a typical sub-CC behaviour ( = 3.70 
%°C-1) is found. Figures 5b and 5c display cases of the minimum rate for the Wet Season sample 
of P10 (ID 716,  =2.56 %°C-1) and the maximum rate for the Dry Season sample of P60 (ID 727, 
 =7.98 %°C-1), respectively. 
Figure 6 depicts the empirical cumulative distribution functions (ecdfs) of the scaling rates for 
all gauge datasets. These are derived from a total of 581 scaling rates with R2>0.55, for all 9 
possible combinations of accumulation period and season. A high variability in the scaling across 
Sicily and a strong influence of climate seasonality on the scaling rate clearly emerge from the 
analysis of the three plots. The value of  is always positive and ranges between 1.73 (P60, 
Annual Period) and 7.98 %°C-1 (P60, Dry Period), although considering the entire set of 
accumulation period-season combinations, over 90% of  show sub-CC rates (<6 %°C-1), while 
only 0.2% were above 7 %°C-1. 
For all the accumulation periods taken into account,  rates for the Wet and Dry Season are, 
on average, higher than those for the Annual Period. This is related to much higher temperature 
variability in the Annual Period that implies a smoothing of the scaling rate, and highlights the 
importance of performing seasonal analyses for regions characterized by a relevant seasonal 
variability in temperature (as also in Zhang et al. 2017). An important feature for many 
Mediterranean regions, including Sicily, is also the different types of rainfall events that 
characterize different seasons; in particular, during the warmer season (especially during 
summer) there is a prevalence of convective rainfall, which is more sensitive to temperature 
variations with respect to the large-scale stratiform precipitation that usually characterizes the 
colder months (Soriano and De Pablo, 2003; Molnar et al., 2015). This could partially explain 
the higher  values found for the Dry Season for shorter accumulation periods. 
The scaling rate is also sensitive to the rainfall accumulation period. In particular, it 
significantly increases with shorter accumulation periods for the Annual Period and Wet Season; 
i.e. see the right-shifting of the relative ecdfs moving from P60 (Figure 6a) to P10 (Figure 6c). 
However, the scaling for the Dry Season is almost insensitive to rainfall accumulation period, 
hence the corresponding ecdfs lie in almost the same position in the three plots of Figure 6.  
Thus, the median value of  increases from 3.7 %°C-1 for P60 to 4.3 %°C-1 for P10 for the Annual 
Period, from 4.6 to 5.2 %°C-1 for the Wet Season, while for the Dry Season, it slightly decreases 
(from 4.8 to 4.5 %°C-1). For all cases, the interquartile range slightly reduces from P60 to P10.  
Next, the uncertainty in the scaling rate related to the data samples and the adopted regression 
model is evaluated. Uncertainty related to the data sample was studied through a bootstrapping 
procedure (Efron and Tibshirani, 1993), computing the 2.5th-97.5th quantile uncertainty range 
from 1,000 bootstraps with replacement from each gauge. More specifically, following an 
approach similar to that used in Peleg et al. (2018), for each gauge we first generated the 
bootstraps of paired precipitation-temperature data, and then analyzed each bootstrap according 
to the following steps: 1) apply the binning procedure; 2) compute the precipitation quantile q99 
and the median temperature for each of the 10 bins; 3) fit a linear regression model on the 10 
pairs; 4) compute the associated scaling rate. This procedure produced 1,000 scaling rates (i.e., 
one for each bootstrap) for each gauge from which the 95% confidence bands were derived. 
In order to quantify the uncertainty in the estimated scaling rates related to the regression 
method, we adopted a standard and consolidated methodology for linear regression models based 
on the computation of the 95% confidence intervals for the regression slope parameter.  
The scaling rates obtained at each gauge for the 9 possible combinations of accumulation 
period and season are ranked in ascending order and reported in Figure 7 (black markers) 
together with the associated bootstrapped 95% confidence bands (shaded areas) and the 
confidence limits for the regression slope parameter (dashed red lines). Our results show how the 
uncertainty associated with the data sample is, in general, comparable with that associated with 
the linear regression model, even if, when the sample size is smaller, the former tends to be 
slightly larger. This behaviour can be noticed, for example, for the cases of the Dry Season (right 
panels in Figure 7), especially for the P60 case, and it may be due to the fact that a limited sample 
size of the original sample gauge could affect the estimation of the high precipitation quantiles 
(i.e., q99).  
Figure 7 also indicates that the confidence intervals related to the application of the linear 
regression model at the seasonal level (for both the Wet and the Dry Season) are, on average, 
slightly wider than those for the Annual Period and increase with the scaling rate. Slightly higher 
uncertainty (i.e. wider confidence intervals) can also be associated with the estimate of the 
scaling rates for the shorter rainfall accumulation periods (i.e. P10). 
3.1.3 Spatial autocorrelation analysis 
As previously mentioned, the spatial distribution of the scaling rates obtained through the 
exponential regression across the study area has been also studied, computing the Moran’s Index 
(I) for each of the nine possible scenarios resulting from the combination of the considered 
accumulation periods and seasons.  
The results of the analysis on the nine scenarios are synthesized in Table 2. It is important to 
point out that the number of gauges with acceptable rates is different for the different 
accumulation period-season combinations and, in particular, this number is significantly reduced 
for the Dry Season compared to the other seasons (see Figure 3). All the statistics suggest the 
existence of slightly clustered spatial autocorrelation for the Annual Period for P10, Wet Season 
for P60 and P10, and Dry Season for P60 and P30. Maps depicted in Figure 8, which each report 
one clustered case for three different accumulation period-season combinations, highlight a 
spatial pattern with a sub-CC rate in the drier southern coast of Sicily and CC-rates concentrated 
in the mountainous internal areas (especially in northern Sicily). 
3.1.4 Two-Segment Piecewise Regression analysis 
As for the previous single gauge analyses, the assessment of the Two-Segment Piecewise 
Regression (PR) uses a combination of 10 bins and q99. The method is able to investigate the 
possible occurrence of a discontinuity in the scaling rates at a certain break-point temperature, 
after which the scaling direction may even reverse. 
The results, synthesized in Figure 9, show the presence of statistically significant (i.e., 
satisfying the criteria mentioned at Sect. 2.2) break-points in about the 23% of the cases for the 
Annual Period and about the 15% for both the Wet Season and the Dry Season. Most of the cases 
are significant only for the left segment (lower temperature sub-domain); the associated scaling 
rates (1) are reported as box-plots in Figure 9a for different rainfall accumulation periods and 
seasons. For both the Annual Period and the Dry Season, there is a net prevalence of sub-CC 
rates, with median 1 consistent with the values found by the ER based approach and ranging 
from 5.5 to 6.5 %°C-1. For the Wet Season the scaling rates are slightly higher and are 
characterized by wider interquartile ranges and maximum spreads (maximum-minimum); the 
median of 1 is in the order of the CC-rate for P60 and P30, while it is 9.4 %°C-1 for P10. The rates 
generally increase with decreasing rainfall accumulation periods, except for the case of P10 for 
the Dry Season, whose calculated scaling rates are, on average, lower than those computed for 
P30 and P60. 
In only a small number of cases (i.e., 9 in total), significant regression models were found at 
the right of the break-points, i.e. for the highest temperature sub-domains; the associated scaling 
rates (2) for such cases are reported as black circles in the same Figure 9a and are within the 
maximum spread found for the left segment rates. Only in the case of P30 and Wet Season for 
gauge ID 726, are both segments statistically significant. For this case, both segments were fitted 
on 5 bins, 1=6.08 %°C-1 (R2=0.99) and 2=6.45 %°C-1 (R2=0.98), while the value of  found 
with ER was 6.27 %°C-1 (R2=0.93).   
The analysis has demonstrated that the scaling relationship is not always constant with 
temperature. In contrast with the ER based approach, this method highlights the occurrence of 
super-CC rates in some cases and over limited temperature ranges, especially for the seasonal 
analyses. At the same time, for some cases, especially for shorter durations, the break-point 
represents a point of inflection over which a monotonic decrease in extreme rainfall with 
temperature can be observed, although none of the models with negative slope satisfied the 
adopted significance criteria (often because fitted on less than 4 bins). 
A further analysis has been performed on the identification of the break-point position; Figure 
9b shows the ecdfs of the values of break-point temperature obtained for all stations, relative to 
all 9 analyzed combinations of accumulation period and season. The analysis shows a wide range 
of temperature break-points across the stations. Nevertheless, disregarding the upper and the 
lower tails of the ecdfs, more than 50% of the temperature break-points are concentrated between 
13 and 19°C during the Annual Period, between 10 and 14°C during the Wet Seasons and 
between 17 and 22°C for the Dry Season (main statistics are reported in Table S1 of the 
Supplementary Material). 
3.2 Pooled Gauges Analysis  
3.2.1 Exponential and Piecewise Regression analysis 
Some of the results for the ER and PR approaches for the pooled analysis are synthesized in 
Figure 10, for 10 (Figure 10a) and 20 (Figure 10b) bins for P10 only given that, with this 
approach, the rainfall accumulation period had little influence on the final rates. Results for P60 
and P30 are however reported in Supplementary Material (Figure S4 and S5).  
The analysis confirms most of the results detected at the single gauge level. First of all, 
through ER, an overall sub-CC rate was found, regardless of the number of bins, season or 
rainfall accumulation period. Higher rates (of ~4-5%°C-1) were found for the Wet Season, 
whereas rates of ~3%°C-1 were obtained for the Dry Season. ER was not particularly sensitive to 
the number of bins, with almost equal rates found for both 10 and 20 bins. In both cases, slightly 
increasing rates were obtained for decreasing accumulation periods; the most notable case was 
that for the Wet Season, where  increases from 3.7 %°C-1 for P60 to 4.9 %°C-1 for P10. 
Figure 10 shows the adoption of a Two-Segment PR (see dashed lines and rates named as 1 
as2) instead of a simple ER (see solid lines and ) is not necessary for the Wet Season, where 
the scaling relationship is almost constant with temperature, with values of 2 not significantly 
different from 1 and . Conversely, from the PR analysis for the Dry Season, a peak-like 
structure, not captured using ER, clearly emerged. This implies the occurrence of a point of 
inflection at which the positive rate observed for lower temperatures (1 of the order of ~4%°C-1) 
is interrupted and followed by a rapid decrease for temperatures higher than ~22°C. It is worth 
emphasizing that for the case of 10 bins (Figure 10a) in the Dry Season, the regression for the 
right segment has been fitted considering only two points, and therefore should be neglected 
(dashed red line). Nevertheless, the presence of a break-point at that temperature and the 
successive negative trend is confirmed by the successive analysis with 20 bins for the same 
season. 
In the PR-based approach, the increase in the number of bins plays an important role both in 
the estimation of the rate and especially on the location of the break-point. This is particularly 
evident for the Annual Period. For instance, looking at the case of P10 when 10 bins are 
considered (left panel in Figure 10a), the effect of a point of inflection during the Dry Season is 
transferred into the scaling relationship analysis of the entire hydrological year (Annual Period) 
only as a slight reduction of the rate for the part of temperature domain associated to events that 
usually take place during the Dry Season; the point of inflection, in this case, is detected at a 
temperature lower than 15°C. When 20 bins are adopted, the PR analysis for the Annual Period 
(left plot in Figure 10b) identifies a break-point at a higher temperature (close to that relative to 
the Dry Season) maintaining a value of 1 similar to that obtained with 10 bins. The adopted PR-
code would provide also in this case a negative rate for 2, even if the low number of bins 
considered for the regression imposes model rejection for the right segment. 
3.2.2 LOcally-wEighted Scatter-plot Smoothing Regression analysis 
Conclusions similar to those obtained for the pooled analysis with ER and PR can be derived 
by applying LR, whose results are summarized in Figure 11. It is important to point out that, 
while for ER and PR the single gauge datasets of rainfall maxima and associated mean daily 
temperature pairs have been pooled (i.e., before the binning procedure application), for LR, the 
gauge-estimated pairs of precipitation percentiles (i.e., q99) and median bin temperature 
(considering 10 bins for gauge) have been pooled, generating a unique sample of 930 pairs for 
each combination of rainfall accumulation period and season. 
 The results for P60, P30 and P10 are visualized in Figures 11a, 11b and 11c, respectively, 
through a semi-log scatter density plot. Solid red lines indicate the LOESS-fitted relationship. 
The analysis confirms, on the one hand, an evident functional relationship between extreme 
rainfall events and surface temperature, and, on the other hand, the general trend towards sub-CC 
rates especially for longer durations (i.e., P60). 
Although the nonparametric LR does not make any assumptions of linearity, from Figure 11 
an almost linear scaling relationship clearly emerges for the Wet Season and for most of the 
temperature domain (up to ~22°C) for the Annual Period. For this season, consistent with the 
results from PR (see Figure 10b), a point of inflection can be detected at ~22°C, above which the 
extreme precipitation intensity tends to decrease with increasing temperatures. Observing the 
graph relative to the Wet Season for P10 (middle panel of Figure 11c), the rate approximates CC 
scaling for temperature lower than about 10°C, and tends to decrease for higher temperature.  
Except for the Dry Season, the slope of the regression curves increases with decreasing 
accumulation period moving from 60 to 10 minutes. 
From Figure 11 (right panels), the Dry Season displays a more complex behaviour with 
regard to the scaling relationship across the temperature domain. In this case, the scaling is not 
adequately summarized by a linear relationship; extreme precipitation intensity gradually 
increases (at a sub-CC rate) with temperature up to ~15-16°C, then the increase becomes more 
rapid (reaching the CC-rate) up to ~22°C, where, again, a point of inflection is detected, 
followed by a negative trend for higher temperatures. In this case, results are broadly consistent 
with those of the PR model.  
4 Discussion 
Outcomes from the analysis of the relationship between extreme rainfall and temperature over 
Sicily has confirmed much evidence from previous works in the scientific literature, as emerges 
also from the comparison outlined in Table 1. 
Although the adopted scaling methodology is well established in wetter areas, the results of 
our study demonstrate that in drier regions particular attention should be paid to some model 
assumptions, such as the rainfall accumulation period and the quantiles used to identify extreme 
precipitation. For Sicily, the scaling rate increases with decreasing accumulation period and, 
independent of the accumulation period, increases with increasing percentile. Both the results are 
in accordance with those of Hardwick Jones et al. (2010). The modelling framework at the level 
of single gauge analysis showed low sensitivity to variations in the number of bins. With the 
pooled gauges analysis it was demonstrated that the choice of the number of bins used in the 
binning procedure may be significant, especially adopting a Piecewise Regression-based 
approach for the entire year under a climate characterized by a marked seasonality in rainfall and 
temperature.  
Another general conclusion derives from the comparison of the results for the different types 
of regression model tested here. Investigating the scaling relationship with an approach based on 
ER clearly shows a net prevalence of sub-CC rates in Sicily for the single gauge analysis, with 
only a few sporadic cases with a rate slightly over 7%°C-1. The spatial analysis shows the 
occurrence, for some combinations of rainfall accumulation period-season, of a pattern 
characterized by clustered spatial autocorrelation, probably due to presence of areas where 
convective activity during determinate periods of the year are favoured by site specific 
conditions, originating, for instance, as precipitation recycling mechanisms.  
From the analysis of the Dry Season throughout the pooled sample, the potential of PR 
compared to the simple ER based approach clearly emerged. The adoption of the former 
regression model type, in fact, allowed the detection of a point of inflection, similar to that found 
elsewhere (e.g. Utsumi et al., 2011, Lenderink et al. 2011), whilst the ER based approach did not 
capture this change in scaling. 
The presence of a discontinuity in the slope, with an increase in rate for high temperature (i.e. 
break-point at ~10-15°C), observed at many gauges for the Wet Season (e.g., see Figure 9b) and 
for the low temperature range during the Dry Season (see right panels of Figure 11 for all 
accumulation periods) could be attributed to the existence of a transient period between the two 
seasons during which both convective and stratiform rainfall events occur. In fact, in Sicily, as in 
many Mediterranean and semi-arid climates, the thermodynamic conditions usually favour the 
generation of a prevalence of convective rain cells during the summer and non-convective 
stratiform rainfall events during winter months (Soriano and De Pable, 2003; Gabriele and 
Chiaravalloti, 2013); the temperature dependence of precipitation intensity could be seen as the 
superposition of the relative contribution of the two precipitation types (Berg and Hearter, 2013; 
Molnar et al., 2015). 
Another relevant aspect arising from our analysis, for both the Annual Period and Dry 
Season, is the occurrence of negative scaling at the highest temperatures, with a break-point at 
~22°C. This result, observed at the level of pooled gauges analysis through both the PR and LR 
based approaches, is coherent with the break-points found for the Dry Season at the level of 
single gauges for most of the cases (Figure 9b).  It is also extremely similar to that found in 
Australia by Hardwick Jones et al. (2010), who showed that above a temperature break-point 
(~20-26°C) the scaling rate changes sign, i.e. from positive to negative. The peak-like structure 
behaviour is also consistent with the results of Berg et al. (2009), who reported a decrease in 
extreme daily precipitation intensity with increasing temperature during the summer in Europe, 
especially for the Mediterranean European sub-region. The reason of such behaviour for the drier 
seasons of arid and semi-arid regions (such as the Dry Season in Sicily) is the core of a recent 
debate within the scientific community: Barbero et al., (2018) argue that negative apparent 
scaling could be a statistical artefact related to the “binning-based” method and due to a bin 
shifting mechanism, and suggest the use of the dew point temperature instead of temperature as a 
scaling variable. In Boessenkool et al. (2017), it is argued that one of the possible causes for the 
breakdown in the scaling relationship between high precipitation quantiles and temperature (the 
authors considered the dew point temperature and the q99.9 quantiles in their experiment) could 
simply originate from the under-sampling and, in particular, could be due to an underestimation 
of high quantiles in small samples. In combinations of small samples and high quantiles, the 
authors suggest the use of parametric quantiles instead of empirical quantiles, for example 
calculated from a generalized Pareto distribution fitted on a percentage of the sample defined 
with a peaks-over-threshold approach.   
According to other studies (e.g., Panthou et al., 2014; Westra et al., 2014; Bao et al., 2018; 
Lenderink et al, 2018) the main cause for the negative scaling could be addressed by the 
atmospheric moisture supply limitations for the highest temperatures. The relative humidity 
decreases at higher temperatures and then can became a limiting factor for the highest 
temperature range. During high-pressure systems, the temperature increase may not be 
accompanied by a humidity increase and, in such cases, the temperature could no longer be an 
adequate predictor of extreme rainfall intensity, while the use of the actual atmospheric moisture 
instead of temperature could be more effective. 
From the single gauge analysis, it is not actually possible to explain which of the two main 
possible causes can better explain the occurrence of the break-points that we have observed in 
some cases, especially for the Dry Season. In some cases, the Dry Season samples at the level of 
single gauges are characterized by a reduced number of rainfall events, and may suffer from the 
small-sample effects mentioned above. Nevertheless, the results of the pooled gauges analysis 
with PR, where data-sample limitation effects can be excluded due to the larger sample sizes 
(i.e., for the Dry Season the sample size is 38,747), suggest that the scaling relation breakdown 
(and even its reverse) may be due to potential physical effects related to precipitation. A further 
confirmation at the level of the pooled sample, is given by the fact that the same behaviour has 
been observed using a LR approach. 
5 Conclusion 
This paper expands work on the scaling relationship between air temperature and extreme 
rainfall, complementing previous data-based investigations with an analysis of 13 years of 10 
minute precipitation data provided from 93 rain gauges in Sicily. This study has particular 
relevance since this relationship, widely investigated in many regions worldwide, remains 
largely unexplored in arid and semi-arid regions.  
As an important novelty, in this work we adopted and compared different types of modelling 
approaches, e.g. the single/pooled gauge analyses and seasonal classifications, and we evaluated 
the models’ sensitivity to key parameters, such as rainfall accumulation period, percentile 
definition, number of bins for percentile estimation, and regression models. For this reason, 
outcomes from this work may provide a useful benchmark for other applications in similar 
climatic contexts. 
Some of the main conclusions of this work are:    
1. For the wet season, with a possible prevalence of stratiform rainfall events, and for all 
considered accumulation periods (10-, 30- and 60 minutes), the majority of the gauges show 
extreme precipitation increases with warming at rates slightly lower than the theoretical water 
vapour holding capacity of the air (CC-rate), while a more elaborate behaviour has been 
observed for the dry (hot) season, strengthening the results of the few analyses present in 
literature for semi-arid environments.  
2. The results have highlighted the importance of using appropriate modelling assumptions 
in the estimation of the scaling rate: (i) higher rates have been observed over shorter rainfall 
accumulation periods; (ii) the scaling rate is generally not influenced by the number of 
temperature bins, but could have an important role in locating the temperature break-point 
using a pooled gauges approach; (iii) a greater influence can be associated with the choice of 
the percentile in defining extreme events for each bin from maximum rainfall depths. 
3. An increasing scaling rate for decreasing rainfall accumulation periods has been observed 
for all the analyses using Exponential Regression (ER) including for each season. For 
instance, for the pooled gauges analysis, the percentage increments in the scaling rates from 
hourly to 10-min accumulation period were in the order of 20%, 22% and 9% for the Annual 
Period, the Wet Season and the Dry Season, respectively. 
4. The scaling rate during the Annual Period is generally significantly higher than for the 
Dry Season and lower than for the Wet Season. For the example considered in point 3 (i.e., 
ER pooled gauges analysis), the percentage increment in the scaling rates from the Annual 
Period to the Wet Season was in the order of 15% for all rainfall accumulation periods, while 
the percentage reduction from the Annual Period to the Dry Season was much larger (i.e., 
about 47% for 60- and 30- min accumulation periods and about 70% for the 10-min 
accumulation period). 
The simultaneous presence of different storm types (stratiform or convective) in the pool of 
analysed events, might affect scaling rate assessment, especially using a simple ER based 
approach, confirming some evidences from previous studies (e.g. Berg and Hearter, 2013). An 
analysis carried out on storm events rather than fixed interval data, as in Molnar et al. (2015) and 
Peleg et al. (2018), could contribute to overcoming this limitation and serve to better explain the 
spatial clustering of rates resulting from our analysis, though it is important to point out that 
distinguishing the two types of storm would require information and/or data (e.g. radar data, 
lightning accompanying rainfall events, etc.) often not available. Nevertheless, our analyses 
suggest that valid alternative approaches in areas characterized by interannual seasonality in 
rainfall (quantity and typology of events) and temperature, such as Sicily, could include those 
based on the Piecewise Regression and LOESS Regression at the seasonal scale. The adoption of 
such approaches has allowed a better characterization of the complex temperature dependence of 
extreme rainfall in Sicily, finding various scaling rates for different sub-domains of temperature, 
and identifying a peak-like behaviour, not detected by the simple application of ER. Another key 
aspect, only partially explored in this study and hitherto largely ignored in the existing literature, 
is the uncertainty in the estimation of the scaling rate. Here we focused only on the uncertainty 
associated with cases of the single gauge analysis with the ER, while a complete assessment of 
the uncertainty related to all the approaches that we tested would require an extensive analysis 
that goes beyond the scope of this paper.  Evaluating different possible sources of uncertainty 
(e.g. data sample and adopted methodology) at multiple resolutions and in different regions, is a 
very interesting direction for future work in the quantitative analysis of the extreme rainfall-
temperature scaling relationship. 
The knowledge acquired in this research contributes to the current global initiative to better 
understand sub-daily rainfall extremes.  The INTENSE (INTElligent use of climate models for 
adaptatioN to non-Stationary hydrological Extremes) project (Blenkinsop et al., 2018) is collating 
global observations of sub-daily rainfall to characterise observed changes, improve process 
understanding of intense rainfall and provide guidance on appropriate analytical methods.  In 
doing so, and by linking such analyses with climate modelling studies, improved guidance may be 
provided on potential regional changes in flash flooding and appropriate adaptation responses. 
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 Table Captions 
Table 1. Summary of some relevant past works, with specification of the study site location, the 
most important details of the adopted approaches and the key results relevant for the 
present work (the current paper is added for completeness). 
Table 2. Statistics from the spatial autocorrelation analysis: Moran’s Index (I). Significance 
Level (p-value). Critical Values (z-score). Resulting spatial pattern. 
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